Abstract -Palaeomagnetic data in combination with palaeostress data and anisotropy of magnetic susceptibility orientations are utilized to develop a tectonic evolutionary model for the Early Tertiary part of the (omega)-shaped Ç ankırı Basin (Turkey). The results reveal clockwise rotations in the northeast and anticlockwise rotations in the west and southeastern corner of the basin. The magnetic inclinations indicate a northward drift of the Ç ankırı Basin and support an indentation model for the Kırşehir Block. It is proposed that the -shape of the Ç ankırı Basin was the result of indentation of the Kırşehir Block into the Sakarya Continent during northwards migration accompanying closure of Neotethys. It appears that the indentation started prior to Eocene and ended before Middle Miocene times.
Introduction
The pre-Neogene tectonic history of Turkey is mainly dominated by the amalgamation of a number of tectonic blocks (micro-continents) which were once part of Laurasia and Gondwana (Ş engör & Yılmaz, 1981; Görür et al. 1984; Robertson & Dixon, 1984; Ş engör, Yılmaz & Sungurlu, 1984; Dercourt et al. 1993; Channell et al. 1996; Robertson et al. 1996) . Turkey is broadly divided into three tectonic belts. These are (Fig. 1a) , from north to south, the Pontides, Anatolides and the Taurides (Ketin, 1966) . The Pontides are the eastern continuation of the RhodopePontide fragments including the Sakarya Continent (Ş engör & Yılmaz, 1981; Ş engör, Yılmaz & Sungurlu, 1984) . The Anatolides are the metamorphic northern continuation of the Taurides (Ş engör & Yılmaz, 1981) and include the Menderes Massif and the Kırşehir Block. The Sakarya Continent and the Kırşehir Block each had a different geological evolution from Late Palaeozoic to Mesozoic times (Ş engör & Yılmaz, 1981; Ş engör, Yılmaz & Sungurlu, 1984) . The Sakarya Continent was separated from the rest of the Pontides by the Intra-Pontide Ocean during Early Mesozoic times (Robertson & Dixon, 1984; Ş engör, Yılmaz & Sungurlu, 1984; Tüysüz, 1993) , while the Kırşehir Block was separated from the Taurides by the IntraTauride ocean (Görür et al. 1984) . However, the Kırşehir Block has the same stratigraphic characteristics as the Taurides, which has experienced a * Author for correspondence: nkaymakci@yahoo.com similar evolutionary history. Further, it has been proposed (Ş engör & Yılmaz, 1981; Görür et al. 1984; Ş engör, Yılmaz & Sungurlu, 1984 ) that the two microcontinents, namely the Sakarya Continent and Kırşehir Block, were separated from each other by the main branch of the Tethys Ocean throughout the Mesozoic and both drifted from equatorial latitudes in Late Cretaceous times to their present positions (Ş engör, Yılmaz & Sungurlu, 1984; Robertson et al. 1996) . Although the timing of collision and amalgamation of these two micro-continents along the Izmir-Ankara-Erzincan Suture Zone (IAESZ, see Fig. 1 ) is debated, it is generally constrained within the Late Cretaceous to Early Tertiary interval (Ş engör & Yılmaz, 1981; Görür et al. 1984; Tüysüz, 1993; Koçyiǧit,Özkan & Rojay, 1988; Koçyiǧit, 1991; Okay, Harris & Kelley, 1998) . According to Sanver & Ponat (1981) and Görür et al. (1984) , the Kırşehir Block has rotated 104
• anticlockwise and drifted northwards since Cretaceous times.
Furthermore, the Late Miocene collision and further convergence of the Arabian Block in the south, and the Eurasian Plate in the north, along the Bitlis-Zagros Suture (BZS), resulted in the westward expulsion of the Anatolian Block (Fig. 1b) along the North Anatolian (NAFZ) and East Anatolian transform fault zones (EAFZ) (Ş engör & Yılmaz, 1981; Ş engör, Ş aroǧlu & Görür, 1985) . The Anatolian Block continues to deform internally, which is characterized by dominant regional transcurrent deformation in the east and a dominant extensional deformation in the west (Ş engör, Ş aroǧlu & Görür, 1985) . In the north central part of Barka & Hancock, 1984; Kaymakci & Koçyiǧit, 1995 the Anatolian Block, a number of northwards convex dextral strike-slip faults divide the region into roughly E-W-oriented wedges (Fig. 1b) that branch off from the North Anatolian Fault Zone (Barka & Hancock, 1984; Kaymakci & Koçyiǧit, 1995; Barka, 1992) . Deformation of these wedges is marked by a complex rotational strain (Kaymakci & Koçyiǧit, 1995; Piper et al. 1996; Oral et al. 1997) . Previous palaeomagnetic studies in Turkey have mainly dealt with the determination of palaeolatitudes of the amalgamated micro-continents and of their apparent polar wander path (e.g. Van der Voo, 1968; Sanver & Ponat, 1981; Evans & Hall, 1990; Morris & Robertson, 1993; Channell et al. 1996) and indicate a northwards drift of the tectonic blocks south of the Pontides (including the Sakarya Continent and the Kırşehir Block), from equatorial latitudes in the Late Cretaceous to their present positions. Other studies have concentrated on block rotations along the North Anatolian Fault Zone and within the Anatolian Block (e.g. Saribudak et al. 1990; Platzman et al. 1994; Platzman, Tapirdamaz & Sanver, 1998; Michel et al. 1995; Tatar et al. 1995; Piper et al. 1996; Gürsoy et al. 1997) . The detected Figure 2 . Simplified tectono-stratigraphic column of the units exposed in the Ç ankırı Basin (see Kaymakci, 2000) . post-Late Miocene dominantly anticlockwise rotations are generally in agreement with the Geographic Positioning System (GPS) measurements (Oral et al. 1997) .
The Ç ankırı Basin straddles the Pontides in the north and the Kırşehir Block in the south (Fig. 1 ). It lies above the Izmir-Ankara-Erzincan Suture Zone (IAESZ), which has an overall E-W trend but to the east of Ankara, this suture zone makes a sharp bend in an −shape around the basin. In its western, northern and eastern rim, the Ç ankırı Basin is surrounded by the North Anatolian Ophiolitic Melange (NAOM, terminology after B. F. Rojay, unpub. Ph.D. thesis, METU, 1993; Rojay, 1995) and associated Late Cretaceous units (Fig. 2) . In the south it is delimited by granitoids of the Kırşehir Block. It has evolved from Late Cretaceous to Early Miocene times due to collision and indentation of the Sakarya Continent and the Kırşehir Block (Kaymakci, 2000) . Late Cretaceous to Recent continuous infill (Fig. 2 ) makes it one of the best test sites in north central Turkey, which may provide sufficient magnetic information to understand the rotation of the suture zone and the basin infill. Therefore, this study aims to understand the mechanism and timing of rotational processes which resulted in the −shape of the Ç ankırı Basin (Kaymakci, 2000) using palaeomagnetic analysis and to discuss the kinematics of rotation processes using palaeostress data published elsewhere (Kaymakci, 2000; Kaymakci, White & Van Dijk, 2000) . Furthermore, this study intends to shed some light on the palaeomagnetic characteristics of the region and provide constraints on the subduction history of the Tethys and collisional processes that took place in Late Cretaceous to Early Miocene times.
Geological setting of the Ç ankırı Basin
The Ç ankırı Basin comprises more than 4 km thick sedimentary infill ranging from Late Cretaceous to Recent in age and which accumulated in five sequences of sedimentation (A. A. Dellaloǧlu et al., unpub. report, 1992 ; see also Kaymakci, 2000 ; summarized in Fig. 2) .
The oldest sedimentary sequence consists of tectonically intercalated Late Cretaceous deep marine sediments alternating with mafic volcanic rocks, volcanoclastic rocks, proximal regressive shallow marine units and Paleocene littoral red clastic rocks and carbonates, which represent the subduction history of the northern Neotethys in the region (Koçyiǧit, 1991; Y.Özçelik, unpub. M.Sc. thesis, METU, 1994; Tüysüz, Dellaloǧlu & Terzioǧlu, 1995) . The second sequence is a Late Paleocene to mid-Oligocene, more than 1 km thick, regressive flysch to molasse type succession intercalated with mafic to intermediate volcanic rocks and a nummulitic limestone. The third sequence comprises a very thick (up to 2 km) sequence of Late Eocene to mid-Oligocene continental red clastic rocks and evaporites. The fourth sequence is up to 1 km thick and represented by Early Miocene to Pliocene fluvio-lacustrine deposits. The Late PlioceneQuaternary alluvial fan deposits and recent alluvium locally overlie all these units ( Fig. 2; see Kaymakci, 2000) The main structures shaping the current geometry of the Ç ankırı Basin (Fig. 1) are the thrust and reverse faults delineating the western and northern rims of the Ç ankırı Basin. The eastern margin is defined by a belt of NNE-striking folds. In the south, the basin infill onlaps the basement (Kırşehir Block) (Kaymakci, 2000) . The thrust and reverse faults noted above developed in Late Cretaceous to Early Tertiary times during subduction and the subsequent collision of the Kırşehir Block and the Sakarya Continent and were reactivated during the post-Middle Miocene evolution of the basin (Kaymakci, White & Van Dijk, 1998 , 2000 ; see also Kaymakci, 2000) . The other major structures affecting the Ç ankırı Basin are the Kızılırmak Fault zone (KFZ) and Ezinepazarı-Sungurlu Fault zone (ESFZ) which are oriented WSW-ENE and have dextral strike-slip character. They displace the ophiolitic rim, the basement and the basin infill including the Late Miocene units and indicate a post-Late Miocene tectonic activity (Kaymakci, White & Van Dijk, 2003) .
Palaeomagnetic results
Sampling was performed on the second, third and fourth sequences of the basin infill (Fig. 2) , namely the Early to Middle Eocene (sequence 2), the Late Eocene to Oligocene (sequence 3), the Middle Miocene (lower part of the sequence 4), and the Late Miocene (upper part of sequence 4). The ages of the studied units of sequence 2 are based on marine fauna (see Kaymakci, 2000) . The age of sequence 3 is based on superposition, due to lack of fossil evidence, and partly on micromammals obtained only in two localities in the upper part of the sequence as is sequence 4. Throughout this text sequence 2 is referred to as 'Eocene' and sequence 3 as 'Oligocene'.
In all sites, sampling was performed using an electrical drill and a portable generator. Care was taken to avoid sampling near large faults. After removing the weathered surface to reach fresh clays, we took at least seven standard oriented palaeomagnetic cores at each site. Mostly fine-grained sediments were sampled which are generally deposited with a low sedimentation rate. Sampling over a sufficiently large interval tends to average out secular variations in these rocks. In addition, early post-depositional processes typically smooth out the finer-scale variations of the geomagnetic field. The fold-test is done for both limbs of the fold in the eastern margin of the basin that include Yesilova and Güvendik sites. Remanent Magnetic Susceptibility (RMS) was acquired prior to folding of the Güvendik Syncline (GS, Fig. 1 ).
3.a. Thermal demagnetization
Thermal demagnetization was performed using a magnetically shielded, laboratory-built furnace. The natural remanent magnetization (NRM) was measured on a 2G Enterprises DC SQUID cryogenic magnetometer. At least seven specimens per site were analysed using progressive stepwise thermal demagnetization at temperature increments of 30
• C or 50
• C, starting from room temperature to the limit of reproducible results.
Demagnetization diagrams (Zijderveld, 1967 ) through selected data points were used to determine the NRM components (Fig. 3) . When the results show a linear decay, usually towards the origin, a magnetization vector is determined. The magnetization vectors were averaged using Fisher (1953) statistics to calculate mean directions per site (Table 1) , from which tectonically induced rotations could be determined. As it is still unclear to which stable region the Ç ankırı Basin formerly belonged, the results are not compared to a pole of a known reference plate, but are instead compared to 0
• as a reference direction. The palaeolatitudes are plotted in Figure 4 and listed in Table 1 .
Apart from a very small and randomly oriented laboratory-induced component removed at 100
• C, a secondary component is sometimes present; it is generally removed between 100 and 200
• C. It has the present-day direction before bedding tilt correction and is thus of Recent origin and a viscous remanence possibly caused by weathering. A characteristic remanent magnetization (ChRM) component is removed at higher temperatures and shows both normal and reversed polarities. Most sites reveal ChRM components demagnetized at temperatures of 570-600
• C (Fig. 3c , e, f ) residing in magnetite. Demagnetization at higher temperatures results in randomly directed components. These samples have a relatively high NRM intensity (6-13 mA m −1 ). Some samples, which are demagnetized at temperatures around 390-420
• C (Fig. 3a) , and have relatively low intensities (0.8 mA m −1 ) have ChRM components which are probably carried by Fe-sulphides. We show an example of a completely overprinted sample with a relatively high intensity (66 mA m −1 ) and a signal largely destroyed around 250
• C (Fig. 3b) . The Oligocene site of Güvendik Table 1 ).
( Fig. 3d) has two antiparallel components; a reversed component unblocked by 510
• C and a normal component unblocked from 510
• C to 580 • C. We used the reversed component, as it appeared to be most stable.
Only two of the seven Eocene sites show reliable results. One site (Sungurlu), located in the southeast of the Ç ankırı Basin (Fig. 5) , implies an anticlockwise rotation of 27
• , while the other site (Incik 2), located in the north indicates a clockwise rotation of 29
• .
The palaeolatitude of these Eocene sites points to a near-equatorial position (6 • ). All seven Oligocene sites produced reliable data. The three Oligocene sites located in (south-)west of the Ç ankırı Basin show no rotation (Danaci and Hamzali 3) to anticlockwise rotations up to 33
• (Hamzali 2). In the north, a site with a large clockwise rotation of 19
• (Incik 3) and a site with a small anticlockwise rotation of 7
• (Kalinpelit) are found. Likewise in the east, a large clockwise rotation of 52
• (Yesilova) and a large anticlockwise rotation of 36
• (Güvendik) were detected. Although the Oligocene palaeolatitudes are variable, a clear trend is visible, indicating a northward movement of the Ç ankırı Basin. Two out of three Middle Miocene sites from the south of the Ç ankırı Basin were found to be reliable, with one site revealing a clockwise rotation (Halaçli) and another site indicating little or no rotation (Kuscali). Of the Late Miocene sites, two out of three are located in the northeast of the basin and imply a further northward movement. One of the late Miocene sites (Ugurludag) shows a small anticlockwise rotation of 4
• and another one (Eskialibey) a large anticlockwise rotation of 62
3.b. Anisotropy of the magnetic susceptibility
Analysis of the anisotropy of the magnetic susceptibility (AMS) is widely used to establish the sedimentary and tectonic history in weakly deformed sediments. Basically, the AMS of a rock is described by a secondorder tensor. This tensor can be visualized by an ellipsoid having three principal axes of maximum, intermediate, and minimum susceptibility (k max , k int and k min , respectively). Here, we characterize the total degree of anisotropy by P = k max /k min ; the magnetic foliation is defined by F = k int /k min , while the magnetic lineation is the degree of anisotropy in the magnetic foliation plane and defined by L = k max /k int (see Tarling & Hrouda, 1993) . Depositional currents can also account for lineations, but this effect is likely to be minimum in the fine-grained, mostly continental, clays of the Ç ankırı Basin. In undeformed sediments, the magnetic susceptibility is characterized by an oblate ellipsoid, with the foliation coinciding with the bedding plane. In this case, the magnetic fabric is purely depositional or is related to compactional loading; the k min is perpendicular to the bedding plane and the k max and k int are scattered in the foliation or bedding plane itself. If the rock is strained, this initially results in clustering of k max in the direction of maximum extension or, equivalently, perpendicular to the maximum compression. The k min is still perpendicular to the bedding plane. An increase of the strain causes the ellipsoid to have a more prolate structure. Finally, progressive strain obliterates the prolate ellipsoid into a 'pencil' structure and the depositional fabric becomes overprinted by a tectonic fabric (Tarling & Hrouda, 1993) . This pencil cleavage, which can easily be recognized in the field, was not observed in the area of study. Generally, the AMS results (Table 2 ) of the sites from the Ç ankırı Basin show oblate ellipsoids with highly variable mean susceptibilities (53 -9900 ∞ 10 6 SI) reflecting variable concentrations of magnetic minerals. Error ellipses of the susceptibility axes are calculated according to Jelinek (1978) and are given for k max in Table 2 . Seven sites display a Corrected for bedding tilt, ages are indicated. N = number of specimens; D, I = mean azimuth and dip of k max axes; δD, δI = errors on mean k max axes; F = magnetic foliation (k int /k min ); L = magnetic lineation (k max /k int ).
well-defined clustering of the k max -axes, indicating the extension direction or, equivalently, the compression perpendicular to it. Three Eocene sites (Kazmaca, Sungurlu, Incik 2; Fig. 6 ) identify a (N)NE-(S)SW direction of the k max -axes and one Eocene site (Hamzali 1) indicates a NNW-SSE direction of the k max -axes. Directions are shown before and after correction for rotation in Figure 6 . The Oligocene site at Güvendik reveals a clear clustering of the k max -axes along an E-W direction, while the Kalinpelit site implies roughly a NW-SE direction. The k int and k min -axes of Hamzali 2 girdle around the k max -axes, indicating deformation. Finally, the Late Miocene site of Sulakyurt exhibits a ENE-WSW direction of the k max -axes. The remaining sites show a large scatter in k max -axes and are not interpreted.
Discussion

4.a. Palaeostress
By using multi-source data including satellite and aerial-photo remote sensing, seismic interpretation, palaeostress inversion, and tectono-stratigraphic studies in the Ç ankırı Basin. Kaymakci, White & Van Dijk (2000 , 2003 have documented that this basin has evolved in at least four different phases of tectonic deformation. The first phase is characterized by thrusting with approximately NW-SE-oriented σ 1 and is most likely to be of Late Cretaceous to Paleocene age. The second phase is of Late Paleocene to Early Miocene age and is characterized by two different stress configurations, one related to the basement and the other to the basin infill and the surrounding rim. The rim and the basin infill have a near-radial σ 1 and sub-vertical σ 3 pattern associated with thrusting, while the basement is characterized by a NNE-SSWoriented σ 1 and sub-vertical σ 2 , indicating coeval strike-slip deformation. The third phase exhibits an overall extensional deformation with concentric σ 3 and sub-vertical σ 1 pattern in the Early to Middle Miocene interval. The fourth phase is characterized by a NW-SE-oriented σ 1 and sub-vertical σ 2 . This is explained in terms of regional transcurrent tectonics from the Late Miocene to present (for details of palaeostress information, refer to Van Dijk, 1998, and Kaymakci, 2000) .
4.b. Back-rotations
The main structural trends of the Ç ankırı Basin were back-rotated, according to the amounts of nearby palaeodeclination. In Figure 7 , back-rotation of the Güvendik Syncline is illustrated. After back-rotation of different segments of the Güvendik Syncline and the Karacay Reverse Fault, it was observed that the curved syncline becomes a NW-SE-trending straight fold. A similar procedure was followed to restore the other main structural trends in the northern and western parts of the Ç ankırı Basin. Orientations of the AMS results for the Eocene become parallel to one of the stress trajectories (σ 2 in the north and σ 3 trajectories in the southeast, Fig. 6 ). This relationship may indicate that in Eocene times pure shear conditions were the main deformation process while in the Oligocene simple shear was dominant. Larger rotations in the Oligocene than in the Eocene may support this interpretation. More data are needed to validate and confirm this argument. 
4.c. Interpretations
This study has provided the first palaeomagnetic results relevant to the evolution of the Ç ankırı Basin. In general, the results show predominantly anticlockwise rotations in the western margin of the basin and clockwise rotations in the east during Eocene and Oligocene times. Furthermore, the data seem to indicate no rotation of the Kırşehir Block since the Oligocene. Magnetic inclinations of most sites indicate a northwards drift of the region from the Eocene to Middle Miocene. Our palaeomagnetic data concern Eocene and younger rocks and therefore are in accordance with the latest three of the four deformation phases; these are: phase 2 (Late Paleocene to Early Miocene), phase 3 (late-Early to Middle Miocene) and phase 4 (Late Miocene to present). In the western margin the samples from the older parts of the Oligocene units (Hamzali-2) show more rotation than the younger samples (Hamzali-3). This may indicate syn-depositional deformation within the basin. In addition, the Oligocene units (Incik Formation) comprise a number of syn-depositional progressive unconformities indicative of coupling of deposition and deformation (see also Kaymakci, 2000) . The Eocene and Oligocene anticlockwise rotation in the western rim and the clockwise rotation in the northeastern rim together with the northward drift of the basin can be explained by an indentation model. The Kırşehir Block is the indentor while the Sakarya Continent (see Fig. 1a ) is the indented block. Due to the irregular nature of the Kırşehir Block in its northern tip (represented by granitoids in the southern side of the Ç ankırı Basin), intense deformation resulted within the Sakarya Continent and in the infill of the Ç ankırı Basin (represented by combined thrusting and strikeslip faulting, Fig. 8 ), which resulted in the rotation of rims of the Ç ankırı Basin away from the zone of intense strain. This relation is also reflected in the palaeostress orientations showing a radial σ 1 pattern of thrusting in the northern part of the Ç ankırı Basin and a strikeslip pattern in the sides of the indentor (western and eastern margins of the Ç ankırı Basin). This is also described from sandbox model experiments (Zweigel, 1998) and has been modelled by Tapponier et al. (1982) and Marshak (1988) .
In addition, after the main structural trends of the Ç ankırı Basin are back-rotated successively for the Oligocene and Eocene (Fig. 8) , the structural trends are still curved (northwards convex) for the pre-Eocene period. Considering that the southern margin of the Sakarya Continent was straight prior to indentation of the Kırşehir Block, the resultant (left over) curved pattern of the Sakarya Continent (Fig. 8 ) may indicate that the indentation process pre-dates Eocene times. In the course of the indentation process, a radial pattern of σ 1 in the basin infill and the rim is expected and indeed found (compare σ 1 orientations in Fig. 6b, c) . Furthermore, the suture zone between the colliding blocks divides the region into two different tectonic regimes (stress discontinuity in Fig. 6b, c) where thrusting in the Sakarya Continent and coeval strikeslip deformation in the Kırşehir Block are recognized (see also Kaymakci, White & Van Dijk, 2003) . The palaeomagnetic results of the Ç ankırı Basin, from the Middle and (except Eskialibey) Late Miocene yielded no rotation, possibly implying the end of the indentation process. This is in agreement with the palaeostress and stratigraphic results discussed in Kaymakci (2000) and Kaymakci, White & Van Dijk (2000 , 2003 .
Finally, the trends of the k max orientations, the adjacent major structural trends and the constructed palaeostress orientations (see Kaymakci, White & Van Dijk, 2000 , 2003 are all in good agreement and validate the proposed tectonic evolution of the Ç ankırı Basin (Fig. 6) . The indentation process is the main mechanism for the rotation of the rim of the Ç ankırı Basin which resulted in its -shaped outline.
Conclusions
( 1) 
